Di usion across surfaces generally involves motion on a vibrating but otherwise stationary substrate. Here, using molecular dynamics, we show that a layered material such as graphene opens up a new mechanism for surface di usion whereby adsorbates are carried by propagating ripples in a motion similar to surfing. For water nanodroplets, we demonstrate that the mechanism leads to exceedingly fast di usion that is 2-3 orders of magnitude faster than the self-di usion of water molecules in liquid water. We also reveal the underlying principles that regulate this new mechanism for di usion and show how it also applies to adsorbates other than water, thus opening up the prospect of achieving fast and controllable motion of adsorbates across material surfaces more generally.
T he motion of atoms, molecules and clusters across the surfaces of materials is of critical importance to an endless list of phenomena. Consider, for example, the diffusion of molecules across the surfaces of catalyst particles in search of reaction partners or active sites. Likewise, consider how the elementary building blocks of a growing crystal must diffuse over the faces of that crystal to find the correct lattice sites to attach to. Similarly, at the heart of chemical vapour deposition and many self-assembly and filtration processes is the diffusion of particles across surfaces. Generally when thinking about the atomic-scale motion of adsorbates on surfaces, one envisages a scenario where the adsorbates move (or hop) on the surface while the vibrating but otherwise stationary substrates provide the thermal energy for the motion (see, for example, refs 1-3).
A whole arsenal of experimental techniques has been developed to probe the atomic-scale details of adsorbate diffusion [1] [2] [3] . Prominent methodologies include field ion microscopy, scanning probes, and helium atom scattering. Generally these approaches have been applied to ultraclean atomically flat surfaces prepared in ultrahigh vacuum. Although a number of interesting diffusion mechanisms have been proposed (see, for example, refs 2,4), for the most part experiments have supported the notion that diffusion involves the rather straightforward motion of the adsorbate from one lattice site to the next. However, most well-defined diffusion studies have been on the surfaces of 'traditional' three-dimensional crystalline materials including metals, semiconductors and oxides [1] [2] [3] . Relatively little work has been done to explore diffusion on thin layered solids 5, 6 . This is true despite the surge of interest in the properties of layered materials and their interactions with adsorbates (see, for example, refs [6] [7] [8] [9] .
Of all adsorption systems involving layered materials, the one with the greatest technological relevance and attracting most attention at present is water on graphene 8, [10] [11] [12] [13] [14] . It is being explored because of its direct impact on graphene-based devices, such as water filtration membranes 15 , and also as a model system to understand the interaction between water and carbonaceous surfaces. Recent water-graphene studies (either on free-standing or supported graphene) have focused on wetting 10, 11, 16 , structure 11, 14 , reactivity 8 , and the motion and manipulation of (saline) water nanodroplets 12 . Concerning diffusion there has been a large body of excellent work examining water on flat surfaces or in various confining geometries, including the widely studied processes of water diffusion and transport across and within carbon nanotubes (see, for example, refs 11,16-23) . However, the understanding of water diffusion on graphene and layered materials in general is in its infancy. In particular it is not known how the large out-of-plane displacements exhibited by single layers of these materials might impact adsorbate motion [24] [25] [26] .
Here we report results from an extensive and carefully validated set of force-field-based molecular dynamics (MD) simulations for the diffusion of water nanodroplets on graphene as well as two distinctly different hydrocarbons. The simulations reveal an interesting and potentially important new physical mechanism for diffusion on the nanoscale involving coupling of the adsorbate to thermally excited, propagating ripples on graphene in a manner that resembles surfing. Through being swept along by the motion of the substrate water nanodroplets diffuse rapidly, with the smallest droplets diffusing at least an order of magnitude faster than reported previously for other adsorbates on related systems [27] [28] [29] [30] [31] [32] . We explore and discuss the general principles underlying this new mechanism for diffusion, specifically focusing on the roles of the ripple amplitude and the interaction strength between adsorbates and graphene sheets. Indeed we show that the principles identified explain some rather counterintuitive results, such as simulations that show faster water droplet diffusion on more corrugated graphene sheets and the fact that water droplets diffuse more rapidly than more weakly bound adsorbates such as C 60 . We also provide evidence that the mechanism applies to hydrocarbon motion and discuss various experiments that could support our predictions as well as practical ways to exploit the phenomena observed.
Ripples in graphene
We begin with some brief background on clean graphene. A free-standing or suspended sheet of graphene is rippled [24] [25] [26] 33, 34 , where the ripples are thermally and/or mechanically induced. Thermally activated ripples are caused by anharmonic coupling between the bending and stretching modes of graphene and have been rationalized on the basis of flexible membrane theories and atomistic simulations [24] [25] [26] . In particular the root mean square of the height of the ripples,h, scales with the size of the graphene sheet being considered, L 0 , ash = αL η 0 with 0 < η < 1 and α is a constant. Such a power-law relation betweenh and L 0 implies that the ripples do not exhibit a characteristic wavelength below L 0 . With the typical force fields used for atomistic simulations of graphene, the amplitude of individual ripples is of the order of a few ångströms (refs 24-26 and see also Supplementary Section 2). The lifetime of individual ripples is comparable to that of the out-of-plane acoustic (ZA) phonons with similar spatial scale, which is usually of the order of tens of picoseconds to a few nanoseconds (ref. 35) . In practice, however, the ripples observed so far in experiments have amplitudes in the nanometre regime and well-defined separations between their crests 33, 34, [36] [37] [38] . The apparent discrepancy between theory and experiment most likely arises because of strain introduced at the edges and contact points of graphene by the supports or clamps that will inevitably be present in experiments 33 . Indeed, very small compressive or shear strains induce significant buckling, as seen before 33 and shown in our simulations below. Recent scanning tunnelling microscopy (STM) data show that the ripples in freestanding graphene are dynamic 34 , although in the vicinity of the support the mobility is reduced, which helps to explain why an earlier STM study saw static ripples 37 .
We have carried out simulations for a range of unit cells with several carbon-carbon interaction potentials and with or without applied lateral strain. We find that the amplitude and the characteristic separations (if any) of the ripples depend sensitively on the precise set-up used. Small-amplitude ripples such as those obtained in some previous simulation studies [24] [25] [26] or larger-amplitude ripples, as characterized by STM (refs 34,37), can both be readily produced. The main difference between the two types of ripple is their spatial coherence over the lifetime of the simulations: small-amplitude ripples are short-lived whereas those with larger amplitudes are much longer-lived. The larger-amplitude ripples persist for the entire duration of our simulations (Supplementary Fig. 1 and Supplementary Information) and exhibit soliton-like behaviour, which is again consistent with some previous MD studies 39, 40 . The transition between short-and long-lived ripples is in quantitative agreement with that predicted by theory and observed in experiments (Supplementary Fig. 1 and Supplementary Information).
MD simulations for water nanodroplets on graphene
Here we report and discuss results for water droplet diffusion on free-standing graphene sheets hosting both types of ripple. Most droplets were between 2 and 6 nm in diameter, although results on larger droplets are presented in Supplementary Section 12. Such droplets have sizes approaching those observed in recent scanning probe experiments under ambient conditions 13, 41 , yet they are small enough to enable long (tens to hundreds of nanoseconds) MD trajectories from which accurate dynamical information can be obtained. Details of MD simulations can be found in the Methods. Figure 1 shows snapshots of two nanodroplets diffusing on two differently rippled graphene surfaces. Movies of the diffusion processes are also provided in Supplementary Section 16. From Fig. 1 it can be inferred that the droplets inhabit the valleys of the graphene ripples (blue regions in Fig. 1 ) and as the ripples of graphene move so too do the water droplets in a mechanism reminiscent of surfing. Examination of the water droplets reveals that they are liquid with a higher density of water molecules in the immediate vicinity of the graphene (see Supplementary Section 7). This is in line with previous ab initio and force-field studies of liquid water on graphene 11, 21, 42 . By calculating the commensurability between the structure of the water molecules in the first layer and that of the underlying graphene we find no apparent registry between them. This is consistent with the potential energy surface for a water monomer on graphene being exceptionally flat, as found in our own force-field studies and previous ab initio calculations (see, for example, ref. 16 ). The water droplet has a fairly small influence on the structure of the ripples: carbon atoms directly beneath the droplets are generally displaced by <0.02 nm from where they would be expected to be in the absence of the droplet. We find that the droplets diffuse very rapidly and that the speed of the diffusion is strongly size-dependent. This can be seen in Fig. 2a where the diffusion coefficient (D) of the droplets is plotted as a function of droplet size for a graphene sheet with small-amplitude ripples. Results for the large-amplitude ripples are given in Supplementary Fig. 8 . Over the size regime shown D varies from 2.0 × 10 −3 ± 3 × 10 −5 cm 2 s −1 for the largest droplet (about 6 nm in diameter with about 1,374 water molecules) to 8.6 × 10 −3 ± 2 × 10 −5 cm 2 s −1 for the smallest droplet (about 2 nm in diameter with about 105 water molecules). As shown by the dashed line in Fig. 2a the dependence of D on the number of water molecules N within the droplet can be reasonably described by a simple model based on the surface-of-contact concept as D ∼ αN −2/3 , where α is a constant (see Supplementary Section 8 for a discussion on how this emerges). Besides the size dependence of D on N , we also note that even after accounting for the sensitivity of D to the specific computational set-up used (Supplementary Information), the diffusion coefficients observed are exceptionally large and much greater than diffusion coefficients reported before for related systems [27] [28] [29] [30] [31] [32] . We show this, for example, in Fig. 2b where we compare our results for water droplets with results from previous simulations of diffusion on graphene. Included in this comparison are C 60 (ref. 27 ), a graphitic flake 28 , and several metal clusters [29] [30] [31] [32] . In all cases the water droplets diffuse at least one order of magnitude faster than the other adsorbates and for most of them several orders of magnitude faster. The comparison in Fig. 2b is limited to simulations and to diffusion on graphene. Comparison with other systems further underscores the fast diffusion coefficients predicted here. For example, predicted diffusion coefficients of water through carbon nanotubes (which host an inherently different diffusion process that relies on low friction between water and the nanotube) are about 40 times lower than what we find here 43 . Likewise, the diffusion of the droplets seen here is about 2-3 orders of magnitude faster than the self-diffusion of water molecules in liquid water 44 .
Surfing mechanism for fast di usion
To understand the rapid diffusion of the water droplets in more detail, we calculated the diffusion coefficient D as a function of the amplitude, A, of the ripples in the graphene sheet. We varied the amplitude by applying in-plane strain to graphene from −0.8% to 0.5%. This strain range is accessible experimentally 33, 45 and yields ripples with amplitudes between 0.1 and 0.7 nm. As shown in Fig. 3a , for the ripple amplitudes considered, D increases with A. Thus, water droplets diffuse more rapidly on the more corrugated surfaces. We find that this counterintuitive result arises from the greater coupling of the water droplets to the more corrugated surfaces. To quantify the coupling we consider a probability density function, PDF(z), of the average height (z) of the carbon atoms beneath the water droplet with respect to the average height of the graphene sheet. As shown in Fig. 3b , as the amplitude of the ripples increases, PDF(z) peaks at increasingly negative values of z, revealing an increased preference of the droplets for the valleys. Taking this one step further we plot in Fig. 3c how the droplet diffusion coefficient depends on the probability P(z < 0) = 0 −∞ PDF(z)dz, for water droplets to inhabit low-lying regions of graphene. Values of P(z < 0) close to unity indicate that water droplets are almost always found in valleys, whereas a value of 0.5 would indicate no preference for either the low-lying or high-lying regions of graphene. From Fig. 3c it is evident that the diffusion coefficient increases as P(z < 0) increases. Note that for large-amplitude ripples (A ∼ 0.66 nm), the water droplets are almost always carried by the ripples (P(z < 0) ∼ 1.00) but that even for very small-amplitude ripples (A ∼ 0.08 nm), the water droplets still show a tendency to couple with the ripples (P(z < 0) ∼ 0.70). This strong correlation clearly shows that it is the coupling with the ripples that enhances the diffusion of water droplets. We also note that this coupling with the ripples occurs irrespective of the lifetime of the ripples. The dashed vertical lines in Fig. 3a ,c mark the transition between long-lived coherent ripples and short-lived incoherent ripples (see Supplementary Fig. 1d and Supplementary Information for more details). No obvious change in droplet coupling or diffusion mechanism is observed on moving between these two regimes. Such dependence of D on A holds for all water droplets considered as shown in Supplementary Section 9.
As the motion of the ripples dictates the diffusion of the droplets, the ripple-droplet coupling is crucial to the surfing mechanism, which requires for the adsorbate to have a preference for one particular region of the surface over others, so that it can be swept along by the movement of the ripples. Water, of course, exhibits such a preference and we expect many other adsorbates will too. For example, we show in Supplementary Section 11 that dodecane droplets exploit the same surfing mechanism (Supplementary Information). In contrast, if the adsorbate does not have a clear preference for one sign of graphene curvature, it will not surf but rather it will bob up and down on the surface like a buoy. We show an example of this contrasting behaviour in Fig. 3d where we report results for the diffusion of C 60 on a graphene sheet with small-amplitude ripples. A C 60 molecule was selected because our initial calculations indicated that it binds more weakly to the substrate than the water droplets and has a much smaller preference for the valleys than the water droplets. The diffusion coefficient of C 60 assuming a standard C 60 /graphene interaction strength 27 is about 40% smaller than that of our smallest ∼105 water molecule cluster despite the water cluster having an about 170 % greater mass, compare D(C 60 ) = 5.2 × 10 −3 ± 2 × 10 −5 cm 2 s −1 and D(H 2 O) = 8.6 × 10 −3 ± 2 × 10 −5 cm 2 s −1 . We thus arrive at the counterintuitive result that the adsorbate that binds less strongly to the surface travels more slowly. The slower diffusion arises from less effective coupling with the surface: P(z < 0) = 0.66 for C 60 compared with P(z < 0) = 0.85 for the water droplet. Thus, C 60 is not swept along by the ripples to as great an extent as the water droplet but rather spends more time bobbing up and down on the surface. Extending this analysis further we explored the sensitivity of the C 60 diffusion coefficient to the strength of the interaction with the surface. This was done in our simulations by altering the Lennard-Jones well depth. We find in general that the diffusion coefficient decreases as the adsorbate-substrate interaction increases. However, as shown in Fig. 3d , we have identified a regime where an increase in the interaction strength leads to an increase in the rate of C 60 diffusion. This non-monotonic behaviour of D with respect to the C 60 /graphene interaction strength indicates a non-trivial balance between the enhancement in D induced by the coupling with the phonons and the reduction in D induced by the strong interaction with the surface.
Comparison with di usion on other surfaces
The sensitivity of the mechanism to the amplitude of the ripples is very important as it explains why this mechanism has not been observed on the surfaces of conventional crystalline materials. The amplitude of the out-of-plane displacements for travelling surface waves on the surfaces of more traditional materials, for example, three-dimensional metals and oxides, is substantially smaller than the amplitude of the ripples on graphene 46 . Likewise for carbon nanotubes the amplitude of the radial breathing mode is significantly smaller than the amplitude of the ripples in graphene. Interestingly it has recently been predicted that water nanodroplets outside carbon nanotubes can be transported along the flexural mode at speeds of up to a few tens of metres per second if the flexural mode is externally excited 23 . Similarly we expect that external excitation of the ripples will facilitate adsorbate motion on graphene. However, here we see that because of the much larger out-of-plane displacements in this two-dimensional 'solid' thermal excitations are sufficient to facilitate rapid diffusion (see Supplementary Section 15 ). It is plausible that similar behaviour will be seen on other thin layered materials 6 and for diffusion within porous crystalline materials 20 where there are also large-amplitude displacements associated with flexure.
Outlook
Direct experimental verification of our microscopic simulations will require experiments that access the relevant length and time scales. A starting point would be the classic surface science tools of scanning probe microscopy and helium atom scattering; for the former, the location of water droplets formed by condensation onto supported graphene flakes could be found after freezing to low temperatures, and the preference for ripple valleys could be confirmed. Indeed, under ultrahigh-vacuum conditions water monomers and sub-nanometre water clusters have been observed on metal surfaces 17 and even under ambient conditions nanodroplets in the ∼10-100 nm size regime have been imaged on various substrates 41 . Similarly, the dynamics of ripples in freestanding graphene have recently been observed experimentally on the atomic scale using STM at room temperature 34 . Helium atom spin echo spectroscopy can be used to observe the motion of both carbon and water, testing our dynamical results. These various ultrahigh-vacuum studies would most likely be performed at low temperatures to limit evaporation. In Supplementary Section 13 we show that the same basic mechanism also applies at a lower temperature of 200 K and does not require the droplets to be liquid. There are other experiments for which the conditions are closer to those characterizing applications. One example is surface acoustic wave spectroscopy, which might be performed either using Brillouin (light) scattering on free-standing graphene or on integrated device structures built on SiC. The relative humidity could be changed and the damping and sound velocities could be monitored (see, for example, ref. 47); if the experiments bear out the pronounced effects that we predict, the device structures might eventually be used as humidity sensors. Other experiments to perform include nuclear magnetic resonance, X-ray and neutron scattering on ensembles and even individual (in the case of high brilliance X-ray sources) graphene flakes; these techniques give a variety of momentumand time-dependent correlation functions, with further information available from isotopic substitution studies.
For all experiments, quasi-free-standing graphene on flat substrates such as Pt and SiC or pillars would be prime candidates to explore because of the weak coupling of graphene with these substrates 7 . A pertinent issue in connecting our results with experiment is the amplitude and the wavelength of the ripples formed. These are physical characteristics of graphene that will depend on the precise system being explored. As we show in Fig. 3 our simulations predict an interesting and strong sensitivity of the results to the amplitude of the ripples. In contrast, water droplet diffusion is less likely to be strongly dependent on the wavelength of the ripples (Supplementary Information). However, if the droplets are significantly larger than the distance between ripple crests such that a single droplet straddles several ripples we may move out of the surfing regime. Defects will invariably be present in any experimentally realizable system and are certain to influence the dynamics, especially if water is pinned to the defects 41 or reacts with them as was seen recently for water on the strongly coupled graphene/Ru system 8 . If, however, defects serve merely to alter the dynamics of the ripples the physical picture arrived at here is still applicable for water droplet diffusion, as we discuss in Supplementary Section 10.
In conclusion, the fast diffusion of water nanodroplets on graphene is explained through a new diffusion mechanism. Unlike diffusion on solid surfaces, where the substrate merely serves as a thermal bath, here we find that adsorbate and substrate motion is strongly coupled. Indeed, we have identified a mechanism wherein the water droplets co-move with ripples of the underlying substrate. We are not aware of any previous studies reporting this phenomenon and some of the key features relevant to whether an adsorbate can diffuse rapidly via this mechanism have been discussed, including the amplitude of the ripples, the mass of the adsorbate and its ability to couple to the waves. Further, we have demonstrated that the new mechanism extends beyond water to, at least, hydrocarbons and that the balance of effects can lead to seemingly counterintuitive results with reduced water diffusion on a less rippled surface or a more weakly bonded hydrocarbon that diffuses less rapidly than water. These examples are just a small subset of the outcomes of strong coupling of adsorbates to out-of-plane ripples in layered materials, which represents a new paradigm for surface diffusion. The principles and factors identified here as being critical to rapid diffusion, together with the possibility to tune the dispersion relation of graphene, graphene nanoribbons and other thin layered materials 33 as well as the height of the ripples 33 mean that fast and controllable diffusion could be within reach. The ability to coat surfaces with graphene and other lamellar substances as well as the possibility of dissolving molecules, including proteins and DNA, in the water droplets may also enable highly controlled transport of chemicals across a broad range of materials. The enhanced transport across the surface could of course be the factor that makes the holes in such materials particularly accessible for transport through the surfaces, which is essential, for example in the case of the proposed nucleic acid readout devices 9 .
Methods
Methods and any associated references are available in the online version of the paper.
